Objective: The aim of this study was to assess which of the basal ovarian reserve markers provides the best reflection of the changes occurring in ovarian function over time (i.e., reproductive aging). Design: Prospective longitudinal study. Setting: Healthy volunteers in an academic research center. Patient(s): Eighty-one women with normal reproductive performance during the course of their lives were longitudinally assessed. In this select group of women, becoming chronologically older was considered as a proxy variable for becoming older from a reproductive point of view.
With increasing age there is a decline in a woman's reproductive function, which is assumed to be determined by the decline of the ovarian follicle pool and the quality of the oocytes within (ovarian reserve) (1) . Menopause is reached at a median age of 51 years, when the follicle pool is (almost) depleted (2) . Given the considerable individual variability in age at menopause (3) , it is plausible that the process of follicle decline shows a comparable variability.
Hence, for women of similar ages, large differences in their ovarian reserve are likely to exist.
Various endocrinological and sonographic markers have been used to assess the ovarian reserve. First, an increase in FSH levels in women over 35 years was observed (4). Subsequently, it was shown that inhibin B levels diminished with advancing age, presumably due to a reduction of the recruited cohort of the antral follicle pool during the follicular phase of the cycle (5) (6) (7) . In addition, changes in E 2 levels have been described in women of advanced reproductive age. Both an increase (8) and a decline (9) were reported. The size of the antral follicle cohort can be directly assessed by ultrasound (10) , and the observed pattern of its decline appears to correspond with that of the primordial follicle pool (11) . Recently, serum antimüllerian hormone (AMH) levels have been introduced as a novel measure of ovarian reserve. AMH is a product of granulosa cells of the preantral and antral follicles (12, 13) . Serum AMH levels decline with age and are related to the number of antral follicles and to the ovarian response after ovarian hyperstimulation (14 -18) .
Previously, we have shown in a cross-sectional study that the number of antral follicles assessed by ultrasonography (AFC) better reflects chronological age in normal women with regular cycles and proven normal fertility (19) , compared to other ovarian reserve tests. Because these women were selected on the basis of normal reproductive performance during the course of their lives, it was assumed that their ovarian function reflects the gradual age-related decline of normal reproductive capacity. Therefore, their chronological age was considered to approximate their reproductive age. However, as indicated in such a population the variation of reproductive capacity in women of the same age category is likely to exist.
This previous study was the beginning of a continuing longitudinal study. Women were asked to return every 4 years for a new assessment of their ovarian reserve. With such a design, it is possible to study changes in ovarian reserve markers in a prospective manner in individual women. Because the same assumptions were made for the longitudinal part of this study, becoming 4 years older in chronological age is considered to approximate an increase of 4 years in reproductive age for these women with proven fertility. This present study was designed to assess the change in levels and values of ovarian reserve over time. The aim of the study was to determine which of the ovarian reserve tests presently available best reflects the process of reproductive aging in individual women.
MATERIALS AND METHODS Subjects
In 1996 and 1997 female volunteers were recruited for a longitudinal cohort study through advertisement in local newspapers. The inclusion criteria have been described before (11, 19) . In short, the women had to be 25-46 years of age and to have a regular menstrual cycle of 21-35 days. They had to have a proven natural fertility, which was defined as having established one or more pregnancies within 1 year after stopping contraception. This pregnancy resulted in a normal delivery at term. Moreover, they never had ovarian surgery or ovarian abnormalities and they had stopped hormonal contraception for 3 months or more before entering the study.
Of the 162 volunteers included in 1996 -1997 (11, 19) , 82 agreed to continue. The remaining 80 women did not participate in the longitudinal part of this study because they did not want to stop hormonal contraception (n ϭ 10), were pregnant or breastfeeding (n ϭ 3), had intercurrent disease (n ϭ 3), had no time (n ϭ 8), or had moved away from the area (n ϭ 37). For 19 volunteers the reason for not participating was not known. The women not taking part in the follow-up study were on average 4 years younger than the women who did participate.
The Institutional Review Board approved of the study and written informed consent was obtained from all participants. The volunteers received monetary compensation for participating.
Study Design
The 82 women participating in this longitudinal study were tested at T 1 (1996/1997) and at T 2 (2001) during the early follicular phase of the menstrual cycle (cycle days 2, 3, or 4). If at T 2 no menstrual period had taken place during the past 3 months because menopausal transition had been reached, a visit was planned at the woman's convenience. During both visits a transvaginal ultrasound was performed using a 7.5-MHz probe on a Toshiba Capasee SSA-220A (Toshiba Medical Systems Europe BV, Zoetermeer, The Netherlands). At T 1 the ultrasound was performed by G.J.S. and at T 2 by I.A.J.R. The number of antral follicles was assessed and all follicles up to 10 mm were included in the analysis, as described previously (11) .
During the same visit blood was drawn. Serum and plasma were separated and stored at Ϫ20°C for later estimation of levels of AMH, FSH, inhibin B, and E 2 . The plasma and serum samples collected at T 1 and T 2 of each volunteer were assessed in the same assay run.
Some of the women reached menopausal transition, because cycle irregularity occurred after these women had normal regular cycles when they were included at baseline. There is no available uniform definition for menopausal transition, although recently some definitions based on increasing variability in cycle length have been proposed (20, 21) . We defined menopausal transition in two ways. The mean cycle length is between 21 and 35 days, but in the last half year the next cycle is not predictable within 7 days. Or the mean cycle length is Ͻ21 or Ͼ35 days in the last half year.
None of the women in the study used hormonal replacement therapy (HT) for menopausal symptoms. Two women stopped hormonal contraception 3 months before inclusion. They regained regular cycles and continued to do so for 6 months.
Assays
Levels of FSH and E 2 were measured in plasma with the AxSYM immunoanalyzer (Abbott Laboratories, Abbott Park, IL). The World Health Organization Second International Reference Preparation for human FSH (78/549) was used as a standard for the FSH assay. For FSH, interassay coefficients of variation were found to be 5.7%, 5.7%, and 7.8% at the levels of 5, 26, and 79 IU/L, respectively (n ϭ 80). The E 2 assay has been standardized to gas chromatography/mass spectrometry. The interassay variation of the E 2 assay at 185, 330, and 1,152 pmol/L was 12.9%, 7.8%, and 5.1%, respectively (n ϭ 80).
Serum inhibin B levels were measured using an immunoenzymometric assay (Serotec, Oxford, United Kingdom) as described by Groome et al. (22) . Interassay coefficients of variation were 6.6% and 6.0% at 110 and 770 pg/mL. An ultrasensitive immunoenzymometric assay (ImmunotechCoulter, Marseille, France) was used for the estimation of AMH (23). The limit of detection (defined as blank ϩ 3SD) was 0.05 g/L. Intra-and interassay coefficients of variation were Ͻ5% and Ͻ8%. Long-term storage (Ͼ2 years) of blood samples at Ϫ20°C before assessment of AMH levels is believed to lead to artificially increased levels (24) . However, these suggestions were based on studies with the Boston assay (24) . For the Coulter assay as applied in this study, such measurement errors have been excluded as shown elsewhere (14) .
Statistical Analysis
Data were analyzed with SPSS 10.1 (SPSS Inc., Chicago, IL) and presented as mean (SD) if normally distributed or median (10th-90th percentiles) if not normally distributed. Outcomes of the ovarian reserve test with an interval of approximately 4 years (T 1 and T 2 ) were compared using the Wilcoxon signed rank test.
Because the time interval between T 1 and T 2 ranged from 3 to 5 years, the change per year was calculated ([value T 2 Ϫ value T 1 ]/time interval T 2 Ϫ T 1 ) for every woman. The mean change per year with 95% confidence interval around the mean of each test is given per arbitrary age classes, with age cutoff levels assessed at T 1 . The significance of the mean change was tested by Student's t-test.
The associations between the results of the ovarian reserve tests and age both at T 1 and T 2 were assessed by a quadratic regression line. If the quadratic regression term on T 1 or T 2 was significant, a restricted cubic spline was fitted to describe the relation (25) , otherwise a linear relation was assumed. All associations between markers and age were assessed using Spearman correlations.
The analyses mentioned thus far only evaluated mean changes in groups of women. The important question, however, is: what happens in individual women? Most likely they demonstrate considerable variations above and below the mean. For reliable individual predictions it is important to know whether or not these variations remain consistent during two or more observations over time. Therefore, we investigated whether an individual's level above (below) the mean level for her age group at T 1 remained above (below) the mean level for her age group at T 2 . The same rationale has been described by Burger et al. (26) .
Because we had only two measurements per woman we made use of the so-called partial correlation coefficient analysis (27) . The longitudinal setting leads to a slight adaptation of the procedure, in that we corrected the markers at T 1 and T 2 separately for age at that time and afterward calculated the correlation coefficient. Thus, the individual value at T 1 minus the group mean value (on the regression line) for that particular age (the residual) is correlated with the residual at T 2 (individual value at T 2 minus the group mean value for age at T 2 ). If this correlation is high, the ovarian reserve test is a potentially useful marker for declining ovarian performance because the observation at T 1 correctly predicts the level at T 2 .
RESULTS
Because no serum sample was available from one woman at T 1 , 81 of the 82 women could be analyzed. Mean (SD) age of the women was 39.6 (5.0) years at T 1 and 43.6 (4.9) years at T 2 . The mean (range) time interval between T 1 and T 2 was 3.9 (3.0 -4.9) years. A total of 67 volunteers still had a regular cycle at T 2 , but 14 women had entered the menopausal transition.
At T 2 the median serum AMH level was significantly lower than at T 1 (Table 1) . Surprisingly, the AFC remained the same over time. The FSH levels increased significantly, whereas the inhibin B levels significantly declined and the E 2 levels did not change. The changes per year of each ovarian reserve marker were assessed in the groups according to age class (Table 2) . AMH showed a highly significant change in the two highest age classes and a borderline significant change in the youngest age group. The AFC, inhibin B, and FSH levels only exhibited a significant yearly change per year in women over 40 years of age. This was more marked for FSH and inhibin B, the levels of which considerably changed when age exceeded 40 years. The E 2 levels did not show any significant change. Figure 1 shows the relationships of the ovarian reserve markers with age at T 1 and at T 2 . For FSH it was necessary to use a fitted line to describe the relation with age at T 2 when linear regression could not be used. For reasons of comparison a fitted line was used at T 1 . The antral follicle count showed the highest correlation with age at both time points, followed by serum AMH. The regression line of AFC assessed at T 2 was shifted in a parallel fashion and was situated above the line representing the relationship with age at T 1 , indicating that more antral follicles were counted at T 2 . At T 1 FSH increased slightly with age, but at T 2 this increase was substantial at more than 40 years of age. Inhibin B showed a significant association with age at T 2 , but not at T 1 . In contrast, E 2 showed only a significant relation with age on T 1 , which disappeared at T 2 .
The correlation of the residuals for all markers is shown in Table 3 . The AMH showed the highest correlation between the age-adjusted values at T 1 and T 2 . Although AFC showed no decline over time, the residuals over time were highly correlated. The correlation of the residuals of FSH and inhibin B were significant, although clearly lower than for AMH and AFC. The residuals of E 2 at T 1 and T 2 were not correlated.
DISCUSSION
The prevailing concept of female reproductive aging suggests that the decline of the oocyte/follicle pool determines the age-dependent loss of female fertility (1). Because chronological age at the final stage of reproductive aging (i.e., the occurrence of menopause) shows a considerable individual variation, it is most likely that women differ with regard to the status of the oocyte/follicle pool at a given age. Women maintain a regular ovulatory pattern with (almost) normal E 2 and P levels for years after they have become infertile (1). Because it is not feasible to directly assess the oocyte/follicle pool, endocrinological and sonographic markers are used as an indirect measure of the oocyte/follicle pool.
In the current study we evaluated and compared the available basal ovarian reserve tests in a population of women with normal reproductive performance during the course of their lives. In such women the longitudinal changes in ovarian reproductive function during the follow-up period are likely to reflect the normal physiological decline of female fecundity. Chronological age, therefore, was taken as the proxy-variable of reproductive decline and the elapse of some 4 years is considered to be accompanied by a decline in reproductive capacity (1, 11) .
The requirements for the ideal marker reflecting the decline of reproductive function are summarized in Table 4 . First, it must be biologically plausible that the marker is related to the extent of the oocyte/follicle pool. Second, the marker should be clearly associated with age. Third, it should demonstrate a change over time, preferably from approximately 30 until 50 years of age and not only during or just before the episode of menopausal transition. Most important, the individual variation from the mean should be consistent, that is, the level of an individual above or below the mean at a certain age (the residual value) should remain the same at subsequent ages.
The biological plausibility of the investigated markers is to be judged on their ability to reflect the entire follicle pool. In contrast to AFC and inhibin B (7, 11), AMH may not only reflect the number of early and developing antral follicles, but also earlier stages of follicle development, as was shown both in animal and human studies (12, 13, 28, 29) . However, the contribution of the different follicle stages to the final serum AMH level is unknown. A recent investigation revealed significantly declining serum AMH levels during ovarian hyperstimulation (18) , suggesting that FSH stimulates the differentiation and maturation of the antral follicles to such an extent that they cease to produce AMH, whereas the smaller follicles continue to do so, albeit that their smaller granulosa cell mass results in lower AMH serum levels.
The FSH release by the pituitary gland is regulated by the negative feedback action of inhibins, E 2 , and other ovarian FSH-modulating proteins. Therefore, FSH levels are an indirect reflection of the number of antral follicles (6) . The E 2 levels are less a reflection of the number of antral follicles, but rather of their growth activity during the follicular phase (4, 8) . On the basis of this reasoning we attributed the highest biological plausibility to AMH, followed by AFC, inhibin B, FSH, and E 2 .
With regard to the cross-sectional relationship with age ( Fig. 1) , AFC correlated somewhat better with age compared to AMH and much better than FSH, inhibin B, and E 2 at both times of assessment. Until age 40 years, FSH and inhibin B levels were not correlated with age, confirming an earlier study reporting on a lack of correlation of FSH and inhibin B with age in women aged 20 -35 years (30) . At 40 years and even more so at 45 years of age, FSH started to increase substantially, and the highest levels were mainly contributed by women with an irregular cycle. These endocrine changes seem only to occur when follicle numbers are strongly reduced (1) just before or during the menopausal transition.
These higher FSH and lower inhibin B levels in older women at T 2 led to a much stronger correlation of these two parameters with age, compared to the correlation at T 1 . At T 1 a positive, although low correlation of E 2 with age was present, corresponding to the higher E 2 production in older women. This is probably caused by advanced follicular growth leading to larger follicles in the early follicular phase (31) . However, when more women with an irregular cycle pattern were present in the population (at T 2 ), more variation in E 2 levels was present and no correlation with age could be detected.
AMH was the only marker of ovarian reserve showing a mean longitudinal decline over time in the total study population as well as in all separate age classes ( Table 2 ). Even at younger ages a significant decline in AMH levels is present, confirming earlier findings in which AMH was the only marker changing longitudinally in younger women (14) . The FSH levels increased and the inhibin B levels decreased over time, but the significant changes were only seen in women over 40 years of age.
Contrary to our expectations, no longitudinal change was observed for AFC (Table 1) , although a strong crosssectional relation between AFC and age was present. Antral follicles were counted at T 1 and T 2 by two different observers, and the second observer appeared to count systematically more follicles, as visualized by the two parallel regression lines for AFC in Figure 1 . An assessment bias due to interobserver variability is one of the likely explanations for this finding. However, two separate studies have shown that variability among observers in counting antral follicles is rather modest (32, 33) . Moreover, a study by de Vet et al. (14) showed that a longitudinal decrease in antral follicle numbers was also absent at a mean time interval of 2 years. This may imply that antral follicle numbers follow a decline with age that is different from that suggested by the cross-sectional data in this study. As observer bias is difficult to rule out from a practical point of view it may remain impossible to decide whether AMH levels really are superior to antral follicle counts, until use can be made of stored ultrasound scans on three-dimensional equipment (33) . Because all endocrine markers, including AMH, were assessed in the same run, their longitudinal change was not influenced by interassay variations.
The AMH levels showed the best consistency of change in individual women. A high correlation between the residuals of AMH levels at T 1 and T 2 was observed ( Table 3 ). The AFC was second best in this regard. Although the number of follicles counted did not change over time (Table 1) , the women maintained the same relative positions with respect to the mean level of their age group. The residuals of FSH and inhibin B levels showed a significant but clearly lower correlation. In a much larger study with more observations per women, a sophisticated analysis was performed on the individual consistency of FSH and E 2 in women during the menopausal transition (26) . It was concluded that the residuals of FSH were moderately correlated over time and the residuals of E 2 only weakly. Information regarding the individual consistency of inhibin B, AFC, and AMH were lacking in that study. One of the prerequisites for a high corre- lation between the residuals is a good cycle-to-cycle agreement. We have indications that the cycle-to-cycle variation of AMH levels is small in comparison with that of the other endocrine markers (van Rooij et al., unpublished observations).
FIGURE 1
Because AMH best fulfilled the criteria imposed, it better reflected the continuous decline of the oocyte/follicle pool with age than the other markers investigated. Because its serum levels decline in all age classes it appears to be the best marker of the gradual dwindling of follicle numbers. More important, as the changes over time in individuals show consistency with regard to the mean decline, AMH gives the most reliable reflection of individual reproductive aging and is expected to give better predictions with regard to the extent of decline in the future.
In the previous cross-sectional part of the study AFC was considered the best marker of reproductive age (19) . Serum AMH levels were not included in that analysis, but would have come in as second best. Because AFC and AMH are highly correlated, it is plausible that both provide a good reflection of the declining follicle pool (14, 16, 17) . The AFC fulfilled the ovarian reserve marker characteristics, except for the decline over time, which was likely due to interobserver variability. In future longitudinal investigations stored ultrasound images using three-dimensional equipment could be used to assess the number of follicles over time by a single observer, thus eliminating interobserver variability (33).
Because we considered menopausal transition as part of the normal reproductive aging process, we included women whose cycle became irregular. Ovarian reserve tests are mainly useful in women still having regular cycles, as women who reach the menopausal transition are already infertile for several years (1) . When excluding women, who had reached the menopausal transition at T 2 , AMH also best represented the change in reproductive capacity with age (results not shown). From Figure 1 it can be deducted that FSH increases only in a late stage and is therefore clinically less useful.
The study design on which ovarian reserve parameters were followed in a longitudinal fashion has been applied in a smaller, previous study from another Dutch research group (14) . In that study a considerably shorter follow-up period was applied and the range of chronological ages of the volunteers was clearly narrower. The cohort consisted of relatively young women, which in majority did not have proven fertility in the past. As such that group may not have represented the best possible approximation of normal reproductive decline. In spite of this, the findings in both studies on AMH and AFC follow the same pattern and taken together provide mutual support for the conclusion that AMH best expresses the reproductive decline with age. In contrast, in the present study a clear decline in FSH and inhibin B levels with age was found, albeit in the later stages of reproductive life when cycle irregularity may already be present.
Serum AMH levels may be of value in clinical practice. The AMH has been shown to be a predictor of ovarian response in patients undergoing IVF (15, 16) , which can be regarded as a reflection of ovarian reserve (34) . With AFC a similar prediction of ovarian response was obtained (16) . It would be useful to investigate whether AMH or AFC could differentiate in the prognosis of women who are normally denied IVF treatment because of advanced age. Older patients with a normal response might still perform well in IVF, and AMH or AFC levels have the potential to detect such women (35) . Biologically plausible ϩϩϩ ϩϩ/ϩϩϩ ϩϩ ϩϩ/ϩϩϩ ϩ Cross-sectional relation with age ( Fig. 1) ϩϩ/ϩϩϩ ϩϩϩ ϩϩ ϩ Ϫ Mean longitudinal decline (Table 1 
